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Abstract 
,Q WKLV UHVHDUFK DQ H[WHQVLYH H[SHULPHQWDO LQYHVWLJDWLRQ LV FDUULHG RXW WR HYDOXDWH WKH XWLOL]DWLRQ RI &2 DV DQ
LQMHFWLRQVROYHQWIRU9$3(;SURFHVV7RDFFRPSOLVKWKLVJRDOWZRODUJHYLVXDOUHFWDQJXODUVDQGSDFNHG9$3(;
PRGHOVZLWKFPDQGFPKHLJKWVZHUHHPSOR\HGWRUXQWKHH[SHULPHQWVXVLQJ3ORYHU/DNHKHDY\RLO
F3 ZLWK D ORZ SHUPHDELOLW\ a ' VDQG SDFN 3URSDQH &2 DQG SURSDQH&2 PL[WXUH ZHUH FRQVLGHUHG DV
UHVSHFWLYHVROYHQWVIRUWKHH[SHULPHQWVDQGDWRWDORIWHVWVZHUHFDUULHGRXW7KHKHDY\RLOSURGXFWLRQUDWHDQGWKH
SURGXFHGJDVRLO UDWLRZHUHPHDVXUHGSHULRGLFDOO\0RUHRYHUVHSDUDWHH[SHULPHQWVZHUHFDUULHGRXWDW WKHHQGRI
HDFK9$3(;H[SHULPHQW WRPHDVXUH WKH DVSKDOWHQHSUHFLSLWDWLRQ DW YDULRXV ORFDWLRQV RI WKH9$3(;PRGHOV7R
REVHUYH WKH GUDLQDJH KHLJKW HIIHFW LQ PRUH GHWDLOV D FRPSUHKHQVLYH LPDJH DQDO\VLV ZDV SHUIRUPHG GXULQJ WKH
VROYHQWFKDPEHUHYROXWLRQ$VDUHVXOWLWZDVGHWHUPLQHGWKDWGUDLQDJHKHLJKWKDVDVLJQLILFDQWLPSDFWRQSURGXFWLRQ
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ZKLFKUHGXFHVRLOYLVFRVLW\E\GLOXWLQJ WKH LQVLWXELWXPHQZLWKYDSRXUL]HGVROYHQWV7KH LGHDRI LQMHFWLQJVROYHQW




$WKDEDVFD DQG6XQFRU&RNHU IHHG ELWXPHQ7KH\ QDPHG LW9$3(; LQ  > @,Q WKLV SURFHVV WKH KRUL]RQWDO




FDUULHUJDV LVDJRRGDOWHUQDWLYHEHFDXVHRILWV ORZFRVWDQGKLJKHUVROXELOLW\WKDQPHWKDQHPHDQLQJ LWZLOOGLOXWH
EHWWHU %HVLGHV IURP DQ HQYLURQPHQWDO SRLQW RI YLHZ &2 VHTXHVWUDWLRQ WKURXJK &2 LQMHFWLRQ LQ KHDY\ RLO




PROHFXODU ZHLJKW GHQVLW\ GLIIHUHQFH VROXELOLW\ GLIIXVLYLW\ UHVHUYRLU WHPSHUDWXUH DQG SUHVVXUH >@ 6SHFLILFDOO\
ZKHQDORZPROHFXODUZHLJKWYDSRXUL]HGVROYHQWLVLQMHFWHGLQWRWKHUHVHUYRLUQHDULWVGHZSRLQWWKHVROXELOLW\RIWKH
YDSRXUL]HGVROYHQW UHDFKHV LWVPD[LPXPQHDU LWVGHZSRLQW >@7KLVFDXVHVDGGLWLRQDOYLVFRVLW\ UHGXFWLRQE\






)XUWKHUPRUH7RUDELHW DO >@ IRXQG WKDW LQFRUSRUDWLQJ&2 LQWR WKH VROYHQW IRUD9$3(;SURFHVV LVDYLDEOH
RSWLRQ )RU WKHP WKH QRQFRQGHQVDEOH JDV SRUWLRQ RI WKH VROYHQW VKRXOG EH OHVV WKDQ  RI WKH WRWDO PL[WXUH
7KURXJK VHYHUDO VLPXODWLRQ UXQV ZLWK GLIIHUHQW VROYHQW FRPSRVLWLRQV WKH\ IRXQG WKDW UHSODFLQJ D SRUWLRQ RI WKH
PHWKDQHLQWKHVROYHQWZLWK&2UHVXOWHGLQHTXDORUJUHDWHUUHFRYHU\IDFWRUVLQPRVWVLPXODWLRQV
7KHORZFRVWRIWKHLQMHFWHGVROYHQWFRPSDUHGWRJHQHUDWLQJKHDWZKLFKFDQEHDOVRUHFRYHUHGDQGUHF\FOHGDQG
WKHDSSOLFDELOLW\RI9$3(; WHFKQLTXH LQ WKLQ ORZSRURVLW\ DQGKLJKSHUPHDELOLW\ UHVHUYRLUVDUHDPRQJ WKHPDLQ
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,Q  WKH 3HWUROHXP 5HFRYHU\ ,QVWLWXWH 35, FRQGXFWHG D SURMHFW RI  SDUWLFLSDQWV ZLWK QLQH UHVHDUFK
SHUIRUPLQJRUJDQL]DWLRQVWRHYDOXDWHWKHIXOOSURMHFWHQJLQHHULQJDQGFRPPHUFLDOVFDOHHFRQRPLFVIRUWKH9$3(;
SURFHVV7KH\FDOFXODWHGWKHVXSSO\FRVWHFRQRPLFVIRU9$3(;RLOSURGXFWLRQIURPWKH$WKDEDVFDRLOVDQGV&ROG
/DNH RLO VDQGV DQG 6RXWKHDVW$OEHUWD KHDY\ RLO 6XSSO\ FRVWPHDQV WKH WKUHVKROG SULFH UHTXLUHG IRU VDWLVIDFWRU\
HFRQRPLFV7KHLUUHVXOWVVKRZHGWKDW9$3(;KDVHFRQRPLFDQGHQYLURQPHQWDOEHQHILWV+RZHYHUWKH\HPSKDVL]HG
WKDW VSHFLILF ILHOG FRQGLWLRQV VKRXOG EH VWXGLHG LQ GHWDLO DQG WKDW D SLORW WHVW VKRXOG EH FDUULHG RXW EHIRUH
LPSOHPHQWLQJ9$3(;>@




/XKQLQJ HW DO >@SHUIRUPHGDQ HFRQRPLF DQDO\VLV EDVHGRQ WKH UHVXOWV RI WKHKLVWRU\PDWFKLQJ H[SHULPHQWDO
UHVXOWV7KHLUHFRQRPLFDQDO\VLVZDVEDVHGRQPDWFKLQJWKHVLPXODWLRQUHVXOWVZLWKWKHUHDOILHOGRSHUDWLRQFRVWVDV
ZHOO DV IRU HVWLPDWLRQV RI UHDO ILHOG FRVWV 7KH DQDO\VLV ZDV EDVHG RQ VXSSO\ FRVWV UHSRUWHG E\&DQDGLDQ(QHUJ\
5HVHDUFK,QVWLWXWH&(5,+RZHYHUWKH\HVWLPDWHGVXFKFRVWVDWDQHYHQKLJKHUUDWHWKDQWKHUHSRUWHGDPRXQWVIRU







DQ DGGLWLRQDO JUDYLWDWLRQDO FRQYHFWLRQ 7KH LPSURYHPHQW LQ WKH QDWXUDO FRQYHFWLRQ FDQ ERRVW WKH 9$3(;
SHUIRUPDQFHVLJQLILFDQWO\




VWXG\ LV QHFHVVDU\ WR DYRLG WKH ORVV RI QDWXUDO UHVRXUFHV DQG XQQHFHVVDU\ H[SHQVHV 7KHUHIRUH UXQQLQJ DQ
H[SHULPHQWDO VHWXS²D VPDOOHU UHSUHVHQWDWLYH RI WKH DFWXDO UHVHUYRLU²ZLOO JLYH D EHWWHU XQGHUVWDQGLQJ RI WKH
PHFKDQLVPVDIIHFWLQJDVSHFLILF(25WHFKQLTXH7KHUHIRUHDFRPSUHKHQVLYHH[SHULPHQWDOVWXG\ZDVFDUULHGRXWE\
XWLOL]LQJ WZR ODUJH VFDOH SK\VLFDO PRGHOV LQ RUGHU WR LQYHVWLJDWH WKH DSSOLFDELOLW\ RI LQMHFWLQJ GLIIHUHQW VROYHQWV
GXULQJ WKH 9$3(; SURFHVV 7KH H[SHULPHQWDO VHW XS FRQVLVWV RI IRXU PDMRU XQLWV D VROYHQW LQMHFWLRQ XQLW WKH
9$3(; SK\VLFDO PRGHOV D VROYHQW DQG OLTXLG SURGXFWLRQ XQLW DQG D GDWD DFTXLVLWLRQ V\VWHP )LJ  VKRZV WKH
H[SHULPHQWDO VHW XS VFKHPDWLF DQG 7DEOH  VXPPDUL]HV WKH PDMRU SDUWV DQG HTXLSPHQW XVHG IRU EXLOGLQJ DQG
GHVLJQLQJWKHH[SHULPHQWDOVHWXS





No. Device/ Model Number Manufacturer Quantity
 3K\VLFDO0RGHOV 8RI5:RUNVKRS 
 6HSDUDWRUV 8RI5:RUNVKRS 
 6\ULQJH3XPS' 7HOHG\QHLVFR 
 9DFXXP3XPS )LVKHU6FLHQWLILF 
 7UDQVIHU&\OLQGHU 8RI5:RUNVKRS 
 'LJLWDO)ORZ0HWHU')0')0 $DOERUJ 
 :HW7HVW0HWHU7* 5LWWHU 
 'LJLWDO3UHVVXUH*DXJH $VKFURIW 
 'LJLWDO3UHVVXUH*DXJH +HLVH 
 +LJK3UHVVXUH%35 &RUH/DERUDWRULHV 
 3UHVVXUH5HJXODWRUV 6ZDJHORN 
 *DV&\OLQGHUV 3UD[DLU 
 9LEUDWRU$%8 'HFD9LEUDWRUV,QGXVWULHV 
 (OHFWULF%DODQFH 0HWWOHU72/('2 
 +HDWHU6WLUUHU )LVKHU6FLHQWLILF 
 &RPSXWHU 'HOO 
 /LJKW6RXUFH 8QGHUZULWHUV/DERUDWRULHV,QF 
 'LJLWDO&DPHUD &DQRQ 











Physical model Height (cm) Length (cm) Thickness (cm) Volume (cm3)
Small    
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2.2 Experimental Procedure 
2WWDZDVDQG%HOODQG0DFNHQ]LH&ROWG&DQDGDZDVXVHGWRSDFNWKH9$3(;SK\VLFDOPRGHOV7KLVLVD
ZKLWHVDQGZLWKDURXQGHGJUDLQVKDSHDQGLVVLOLFRQGLR[LGH6L27KHVSHFLILFJUDYLW\RIWKHVDQGXVHG
IRU WKLV VWXG\ZDV γH2O  ,QHDFKH[SHULPHQW DSSUR[LPDWHO\NJRI VDQGZDVXVHG WRSDFN WKH VPDOO









ZHUH VHW LQWR KRUL]RQWDO SRVLWLRQZKLOH RQH RI WKH VODEV RQ HDFKPRGHO ZDV EROWHG 7KH FDYLWLHV RI WKH9$3(;
PRGHOVZHUHSDFNHGZLWKGU\2WWDZDVDQG7KHQ WKHJDVNHWV VHFRQG3OH[LJODV VODEVDQGVWHHOSURWHFWLRQFRYHUV
ZHUHEROWHGLQVHTXHQFHDQGWKHPRGHOVZHUHVHWEDFNWRWKHYHUWLFDOSRVLWLRQ$WWKLVVWDJHWKHPRGHOVIRUYLEUDWHG
IRUKWRDFKLHYHDXQLIRUPSDFNLQJ$IWHUSDFNLQJWKHPRGHOVZLWKVDQGWKHPRGHOVZHUHVDWXUDWHGZLWKKHDY\RLO
WKURXJK WKHERWWRPFRQQHFWLRQSRLQWV ,Q WKLV VWXG\ D WRWDO RI VL[9$3(;H[SHULPHQWVZHUH FDUULHGRXW ,W WRRN
DERXW  WR  GD\V WR VDWXUDWH WKH VPDOOPRGHO DQG DERXW  WR  GD\V WR VDWXUDWH WKH ODUJHPRGHOZLWK KHDY\ RLO
3URSDQH &2 DQG SURSDQH&2 PL[WXUH ZHUH FRQVLGHUHG DV WKH UHVSHFWLYH LQMHFWLRQ VROYHQWV 7KH WHVWV ZHUH
FRQGXFWHGDW&DQG WKHRSHUDWLQJSUHVVXUHZDVVHWEDVHGRQ WKH LQMHFWLRQVROYHQW$IWHUVDWXUDWLQJ WKHPRGHOV
ZLWK KHDY\ RLO WKH VROYHQW LQMHFWLRQ OLQH ZDV FRQQHFWHG WR WKH WRS LQMHFWLRQ ZHOOV LQ HDFK SK\VLFDO PRGHO 7KH
VROYHQW ZDV LQMHFWHG DW FRQVWDQW SUHVVXUH IURP WKH JDV F\OLQGHUV WR GLJLWDO IORZPHWHUV ')0V DQG WKHQ WR WKH
9$3(;PRGHOVDWWKHRSHUDWLQJFRQVWDQWSUHVVXUH7KHVXPPDU\RIRSHUDWLQJFRQGLWLRQVIRUWKHFRQGXFWHG9$3(;
H[SHULPHQWVLVSUHVHQWHGLQ7DEOH7KHIORZUDWHVDQGWRWDOLQMHFWHGVROYHQWYROXPHVZHUHUHFRUGHGE\WKH')0V
2QFH WKH KHDY\ RLO ZDV SURGXFHG LW ZDV FROOHFWHG LQ WKH VHSDUDWRUV DQG E\ UHDGLQJ IURP WKH FDOLEUDWHG YLVXDO
VHSDUDWRUVWKHFXPXODWLYHSURGXFHGRLOZDVUHFRUGHGUHJXODUO\GXULQJWKHFRXUVHRIWKHH[SHULPHQWV7KHWRWDOWLPH






















1  SURSDQH      
2  SURSDQH      
3  &2      
4  &2      
5  SURSDQH&2      
6  SURSDQH&2      

3. Experimental results 





FDVHRI SXUH&2 LQMHFWLRQ WKHXOWLPDWH UHFRYHU\ IDFWRU LQFUHDVHG VWHDGLO\ LQERWKPRGHOV DQG LWZDV DOPRVW WKH
VDPH LQ ERWK SK\VLFDO PRGHOV DQG IRXQG WR EH DERXW  RI RULJLQDO RLO LQ SODFH ,Q DGGLWLRQ WKH SURFHVV ZDV
VLJQLILFDQWO\ VORZ VSHFLILFDOO\ IRU WKH VPDOO PRGHO $IWHU XWLOL]LQJ WKH PL[WXUH RI SURSDQH&2 DV WKH LQMHFWLRQ
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VROYHQWWKHXOWLPDWHUHFRYHU\IDFWRUVIRUERWKPRGHOVZHUHDOPRVWWKHVDPHDQGWKH\ZHUHDERXWRIRULJLQDORLO
LQ SODFH 7KH SHUIRUPDQFH RI WKH 9$3(; SURFHVV ZDV VLJQLILFDQWO\ LPSURYHG FRPSDUHG WR SXUH &2 LQMHFWLRQ
VSHFLILFDOO\ IRU WKH VPDOO PRGHO 7KH UHVXOWV SURYHG WKH VXLWDELOLW\ RI &2 DV D FDUULHU JDV IRU VROYHQWV VXFK DV
SURSDQHDQGEXWDQHLQWKH9$3(;SURFHVV
7LPHK




































WR EH DURXQG P/PLQ 7KH REVHUYHG IORZ UDWH LQ WKH VPDOOPRGHO ZDV DERXW P/PLQ %HFDXVH RI WKH
SUHVVXUHFRQVWUDLQWVRIWKHSK\VLFDOPRGHODPL[WXUHRI&2DQGSURSDQHZDVLQMHFWHGDVWKHVROYHQW7KH
SHUIRUPDQFH WUHQGZDVFORVH WR WKHFDVHRISXUHSURSDQH LQMHFWLRQ%\ LQFUHDVLQJ WKHYROXPHSHUFHQWRI&2 WKH
YDSRXUSUHVVXUHRI WKHPL[WXUHZLOO EH LQFUHDVHGPHDQLQJ LWZLOO H[FHHG WKHPD[LPXPSUHVVXUH WROHUDQFHRI WKH
SK\VLFDOPRGHOVXVHGLQWKHVHWHVWV+RZHYHUQHZPRGHOVFDQEHHPSOR\HGWRSHUIRUPDVHQVLWLYLW\DQDO\VLVRQWKH
UHFRYHU\SHUIRUPDQFHRIVROYHQWPL[WXUHVZLWKGLIIHUHQWYROXPHSHUFHQWDJHVRI&2
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7LPHK





































WKHSK\VLFDOPRGHOVDQGFORVH WR WKH LQMHFWLRQZHOOV WKHQ VDPSOHDQGZHUHFROOHFWHG UHVSHFWLYHO\ IURP ORZHU
SRUWLRQV RI WKH SK\VLFDOPRGHOV DQG DW WKH KHDY\ RLOVROYHQW LQWHUIDFHV DQG ILQDOO\ VDPSOH ZDV FROOHFWHG IURP
ERWWRPSRUWLRQRIWKHSK\VLFDOPRGHOVDQGFORVHWRWKHSURGXFWLRQZHOOV
7DEOHVKRZVWKHDVSKDOWHQHSUHFLSLWDWLRQIRUGLIIHUHQWORFDWLRQVLQWKHVPDOODQGODUJHPRGHOVIROORZLQJGLIIHUHQW
VROYHQW LQMHFWLRQV $V FDQ EH VHHQ WKH DPRXQW RI DVSKDOWHQH SUHFLSLWDWLRQ LV DOPRVW WKH VDPH IRU ERWK SK\VLFDO
PRGHOV+RZHYHUDWWKHLQMHFWLRQSRLQWWKHDVSKDOWHQHFRQWHQWLVVOLJKWO\PRUHLQWKHODUJHPRGHOWKLVPLJKWEHGXH
WRWKHFRQWDFWWLPHEHWZHHQWKHVROYHQWDQGWKHKHDY\RLOV\VWHP7KHFRQWDFWWLPHZKLFKLVDQHIIHFWLYHSDUDPHWHU
RQDVSKDOWHQHSUHFLSLWDWLRQ LV ORQJHU IRU WKH ODUJHPRGHO WKDQ IRU WKHVPDOOPRGHO)XUWKHUPRUHPRUHDVSKDOWHQH
SUHFLSLWDWLRQRFFXUVDWWKHLQMHFWLRQSRLQWDQGDWWKHVROYHQWKHDY\RLOLQWHUIDFHVLQFRPSDULVRQWRWKHORFDWLRQFORVH
WR WKHSURGXFWLRQSRLQW$VFDQEH VHHQ IRU WKHFDVHRISURSDQH LQMHFWLRQ WKHDVSKDOWHQHSUHFLSLWDWLRQZDVDERXW
DQGFORVHWRWKHLQMHFWLRQZHOOVIRUWKHODUJHDQGVPDOOPRGHOVUHVSHFWLYHO\7KHPLQLPXPDVSKDOWHQH
SUHFLSLWDWLRQZDVREVHUYHGWREHDERXWDWORFDWLRQZKLFKZDVFORVHWRWKHSURGXFWLRQZHOOV)RUWKHFDVHRI





LQ WKH ODUJH PRGHO 7KH KLJKHVW DVSKDOWHQH SUHFLSLWDWLRQ ZDV DERXW  DW ORFDWLRQ  IRU WKH ODUJH PRGHO
+RZHYHU WKHKLJKHVWDVSKDOWHQHSUHFLSLWDWLRQIRU WKHVPDOOPRGHOZDVREVHUYHGDW WKH LQMHFWLRQSRLQWZKLFKZDV
DERXW  7KH PLQLPXP DVSKDOWHQH SUHFLSLWDWLRQ ZDV DERXW  IRU ERWK PRGHOV DQG ZDV REVHUYHG DW WKH

















3.3 Image analysis (IA) 

7KH SK\VLFDOPRGHOVZHUH GHVLJQHG VR WKH VROYHQW FKDPEHU HYROXWLRQ FRXOG EHPRQLWRUHG7R WKLV HQG D GLJLWDO
FDPHUDZDVXVHG WR WDNHSLFWXUHVRI WKHSK\VLFDOPRGHOVDWGLIIHUHQW WLPHVGXULQJ WKHH[SHULPHQWV7KHVH LPDJHV
ZHUH XVHG WR DQDO\VH WKH FKDPEHU HYROXWLRQ RYHU WLPH DQG DOVR WRPHDVXUH WKH GLVSODFHPHQW HIILFLHQF\ IRU HDFK
VROYHQWLQ9$3(;PRGHOV










HIILFLHQF\ ZDV DFKLHYHG IRU WKH FDVH RI SURSDQH LQMHFWLRQ ZKLFK ZDV DERXW  $GGLWLRQDOO\ LQMHFWLQJ
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 $OWKRXJKSXUH&2 LQMHFWLRQGLGQRW VKRZDFFHSWDEOH UHFRYHU\SHUIRUPDQFH&2ZDV IRXQG WREHJRRG
FDUULHU JDVHV ZKLOH SURSDQH&2 PL[WXUH VLJQLILFDQWO\ LPSURYHG UHFRYHU\ SHUIRUPDQFH ,Q WKH FDVH RI
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